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Abstract 


The  inverse  scatterinp  problem  considered  here  is  that  of  finding 
the  shape  of  a  reflector  which  produces  a  prescribed  scattered  wave. 
The  scattered  wave  is  characterized  by  its  angular  pattern,  which 
determines  the  differential  scattering  cross  section  of  the  reflector. 
The  problem  is  solved  by  means  of  explicit  formulas  for  cylindrical 
and  for  rotationally  symmetric  objects.  Plane,  cylindrical  and 
spherical  incident  waves  are  considered.  The  general  three  dimensional 
object  is  also  treated.  The  method  of  geometrical  optics  is  used 
throughout. 
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1,   Introducticn 

When  radiaticn  of  any  type  is  incident  upon  an  object  some  of  the  radiation 
is  scattered  in  all  directions  by  the  object.  The  direct  problem  of  the  theory 
of  scattering  is  that  of  determining  the  intensity  of  the  radiation  scattered  in 
each  direction  when  the  properties  of  the  incicent  radiation  as  well  as  those  of  the 
object  are  known.  The  inverse  scattering  problem  is  that  of  determining  the  pro- 
perties of  the  scattering  object  when  the  incident  radiation  and  the  intensity  of 
the  radiation  scattered  in  each  direction  are  known.  This  latter  problem  has  been 
studied  extensively  in  atomic  and  nuclear  physics  by  the  methods  of  quantum 
mechanics  and,  to  some  extent,  by  classical  mechanics'--'.  The  classical  mechanical 
solution  is  also  applicable  to  the  scattering  of  linht  (or  other  radiation  obeying 
the  laws  of  geometrical  optics)  by  a  region  in  which  the  index  of  refraction  varies 
in  any  continuous  spherically  symmetric  manner.  We  now  propose  to  consider  the 
inverse  problem  in  geometrical  optics  when  the  scatterer  is  an  opaque  object,  such 
as  a  piece  of  metal,  with  a  definite  boundary.  We  will  call  an  object  of  this  type 
a  reflector  or  mirror. 

In  the  two  dimensional  case,  which  we  treat  first,  the  scattered  wave  is  cy- 
lindrical. Its  intensity  in  the  direction  6  is  denoted  by  <r(0) ,  When  the  incident 
raf^iation  is  a  plane  wave  of  unit  amplitude,  <3t9)  is  called  the  differential  scatter- 
ing cross  section  of  the  reflector.  We  then  find  that  the  shape  of  the  reflector 
is  completely  determined  if  C^)   and  the  reflection  coefficient  of  the  reflector 
are  given.  However  the  reflector  may  be  placed  so  that  either  its  concave  or  con- 
vex side  is  exposed  to  the  incident  radiation.  When  the  incident  radiation  is  a 
cylindrical  wave  a  one  parameter  family  of  different  reflectors  is  found.  In  both 
cases  formulas  for  the  shape  of  the  reflector  are  obtained  in  terms  of  C(^) , 
Similar  results  are  obtained  for  reflectors  which  are  surfaces  of  revolution  in 
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three  dimensions,  when  the  incident  radiati&n  is  either  a  plane  wave  incident  along 
the  axis  of  revolution  or  a  point  soxirce  on  this  axis. 

In  the  general  three  dimensional  case  the  differential  scattering  cross  section 
<S'i&,(j()   and  the  reflection  coefficient  of  the  surface  do  not  determine  the  shape  of 
the  reflector  at  all.  However,  if  the  differential  scattering  cross  section  is 
known  for  two  plane  waves  incident  from  opposite  directions,  and  if  the  reflection 
coefficient  is  also  known,  then  the  reflector  is  uniquely  determined,  provided  that 
it  is  convex.  But  in  this  case  it  has  not  been  possible  to  determine  the  shape 
explicitly.  Instead  a  non-linear  partial  differential  equation  must  be  solved 
to  find  the  shape. 

Our  investigation  was  pursued  not  only  because  of  its  intrinsic  interest,  but 
also  because  the  results  may  be  of  use  in  the  design  of  optical  systems  containing 
reflectors.  This,  as  well  as  most  design  problems.,  may  profitably  be  viewed  as  an 
inverse  problem.  For  purposes  of  comparison  we  have  also  included  some  well-known 
results  on  the  direct  problem. 

S,  N.  Karp  has  also  treated  certain  inverse  scattering  problems  for  reflectors 
without  restriction  to  the  realm  in  which  geometrical  optics  is  valid. 

2,   Formulation  and  solution 

In  geometrical  optics  light  propagates  along  rays  which, in  a  homogeneous 
medium,  are  straight  lines.  Therefore  by  conservation  of  energy  in  a  non-absorbing 
medium,  the  flux  of  energy  is  the  same  through  every  cross  section  of  each  tube  of 
rays.  This  flux  is  proportional  to  the  light  intensity  I  multiplied  by  the  cross 
sectional  area  of  the  tube.  In  a  cylindrical  wave  a  tube  of  angular  width  d9  has 
a  cross  section  of  length  rdS  so  energy  conservation  yields  IrdG  *  <f  <i&  where  a' is 
constant  along  the  tube.  Thus  I  =  — ^— ^  .  Here  cf  is  written  as  6{&)   since  it  may 
vary  from  one  tube  to  another.  Now  suppose  the  cylindrical  wave  is  produced  by 
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reflection  from  a  reflector  of  an  incident  plane  wave  of  unit  intensity  propagating 
from  the  left  parallel  to  the  x-axis.  {See   Fig.  1)  Suppose  the  ray  at  height  y  is  re- 
flected in  the  direction  6,  and  that  at  height  y+dy  is  reflected  in  the  direction 
©+d©.  Let  the  energy  reflection  coefficient  be  R,  Ihen  of  the  incident  energy  between 
the  two  rays,  which  is  proportional  to  dy,  the  fiaction  Rdy  is  reflected  into  the 
tube  between  the  rays  in  the  directions  B   and  &   +  d6.  Thus  by  the  conservation  of 
energy 

(1)  R  dy  -  t  <^(B)   de  . 

The  sign  in  (1)  must  be  chosen  the  same  as  that  of  dy/d0. 

The  reflection  coefficient  R  may  not  be  a  cxmstant,  but  may  be  a  function  of  the 
angle  of  incidence.  This  angle  is  just  9/2   since  the  normal  to  the  reflector  at 
each  point  bisects  the  angle  between  the  incident  and  reflected  rays  at  this  point. 
Thus  in  (1),  R  ■  R(e/2),  If  y  and  x  are  coordinates  of  a  point  on  the  reflector 
surface  then  the  slope  of  the  normal  also  leads  to  the  equation 

(2)  g  ■  =ct  I  . 

Equations  (1)  and  (2)  enable  us  to  solve  the  inverse  problem  of  finding  the  re- 
flector shape  in  terms  of  6'{&)   and  R(9/2).  For  integrating  (1)  yields 

e  y 

0 
Elimination  of  dy  from  (1)  and  (2)  and  integration  of  the  result  also  gives 

r^     <T((»)tan| 
(h)  X  -  x^  t  I    R(^/g)    de. 

0 

Equations  (3)  and  (U)  are  parametric  equations  for  the  reflector  and  thus  provide 
the  solution  of  the  inverse  problem.  The  integration  constants  x  and  y  determine 
the  location  of  the  reflector.  The  sign,  which  must  be  the  same  in  both  equations 
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determines  whether  the  reflector  is  convex  (+)  or  concave  (-)  toward  the  incident 
wave.  In  the  concave  case  the  specified  <5'(&)  is  obtained  only  for  a  limited  range 
of  &  due  to  blocking  of  the  reflected  rays  by  the  reflector  itself. 
As  an  example  of  the  use  of  (3)  and  (U) ,  let  us  suppose  that 


(5)       ote)  -  I  R(|)  cos  I 


Here  b  is  a  constant.     Now  (3)   and  (U)  yield 


(6) 


c^  tb[i  -  cos  Ij 


(7)  y     -    Jq  t  b  sin  J  . 

These  are  the  equations  of  a  circle  of  radius  b  centered  at  x     t  b,  y   ,     (See  Fig.  2) 
As  a  second  example  let  a  be  a  constant  and  suppose  that 

(8)  tf(e)    -    f.  . 

If  R  is  constant  then  C  is  independent  of  d  and  the  corresponding  reflector  is  an 
isotropic  scatterer.  From  (3)  and  (U)  its  equations  are 


(9)        X  »  X  ♦  a  log  cos  «• 


(10)     y  -  yo  ^  T 


In  Fig.  3  this  reflector  is  drawn,  using  (9)  and  (IC)  with  the  upper  sign. 

Equation  (1)  can  also  be  used  to  solve  the  direct  problem  of  scattering.  If 
b(0/2)  denotes  the  radius  of  curvature  of  the  reflector  at  the  point  where  its 
nontal  points  in  the  direction  9/2  then  simple  geometry  shows  that 
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Fi£^:  Incident  and  reflected  rays  both  makine  the  angle  0/2  with  the  normal 

to  the  reflector.  The  reflected  ray  makes  the  angle  6  with  the  negative 
X-axis,  along  which  the  incident  rays  are  incident.  If  the  reflector  is 
a  surface  of  revolution,  the  figure  represents  a  cross  section  containing 
the  axis  of  revolution. 


(^o-yo) 


Fig^:  A  semicircular  reflector  of  radius  b  whi.ch  is  either  concave  (A)  or  convex 
(B)  to  the  incident  wave.  In  both  cases  the  differential  scattering  cross 
section  is  the  same,  being  given  by  (5), 
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When  (11)  is  used  in  (1),  the  result  is 
(12)        6(e)     -  ^R(|)  b(|)  cos  I  . 

I, 

This  is  the  solution  of  the  direct  problem.  It  can  be  used  in  solving  the  inverse 
problem,  but  the  method  used  above  is  simpler. 


3.  Other  cases 

By  exactly  the  same  methods  as  those  used  above  we  ha^/e  also  considered 
the  direct  and  im'erse  problems  for  three  other  cases.  These  are  the  two  dimen- 
sional case  with  an  incident  field  due  to  a  line  source  and  the  three  dimensional 
case  of  a  reflectini?  surface  of  revolution  with  a  plane  wave  incident  along  the 
axis  of  revolution  or  with  a  point  source  located  on  this  axis.  The  notation  in 
the  plane  wave  case  is  the  same  as  in  Fip.  1  except  that^  r  is  used  instead  of  y  and 
z  instead  of  x.  For  the  line  and  point  source  cases  the  notation  is  explained  in 
Fig.  U.  In  these  cases  0  denotes  the  angle  of  incidence  and  of  reflection  and  a 
denotes  the  angle  between  the  incident  ray  and  the  axis.  These  angles  are  related 
to  9  by         . 

(13)      e  -  2gr  -  a. 

The  intensity  on  each  incident  ray  is  denoted  by  1(a)   and  the  equation  of  the 
reflector  is  written  as  p  ■  p(a)  where  the  sovirce  is  the  origin.  The  results  are 
given  in  the  Table . 


-  5a  - 


i^o) 


TTO 
2 


TTO 

2 

_Jl_ 


Fig»  3;  An  isotropic  scatterer  piven  by  (9)  and  (10)  with  the  upper  sign.  If 

the  reflection  coefficient  R  is  constant,  this  reflector  has  the  constant 
differential  cross  section  or-  aR/2,  Its  width  is  asymptotically  na. 


Fig,  li!  An  incident  ray  making  the  angle  a  with  the  x  cr  z  axis  and  the 

angle  0  with  the  normal  to  the  reflector «  The  reflected  ray  also  makes 
the  angle  0  with  the  normal  and  the  angle  0  with  the  axis.  The  distance 
from  the  sovirce  to  the  reflector  is  p(a),  and  p(0)  is  also  denoted  by  p  . 
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Results  for  Inverse  gcattering 
Two  dimensions,  line  source 

t  C(G)  de  -  R(0)  1(c)  da 

^-1  dp      .   a+B 
P  1^      -  tan  -J- 


If  R  -  constant 

tfCe)  de  -  R  I   I(a)da 


i 


®o 


lop  p/p^  .  J  tan  2:|^  da 


Rotational  symmetry,  plane  wave 

or(G)  sin  e  de  -  R(|)  r  dr 

dr        ^  e 
di  ■  *  ^°^  ? 


If  R  =  constant 


0 


■  r 


cr(€)sin  G  tan  «■ 

^  '  ^o  *  J    R(5/2)r(6) 
0 


If  R  ■  constant 


Rotational  symmetry,  point  source 
t  cr'(e)  sin  G'  d9     »     R((/)l(a)sin  a  da 


-1  dp       _             g  ^;  e(a) 
p       ^       -     tan  —J 

t         cCe)  sin  e  de     ■  R  I(a)sin  a  da 


^o  0 


logp/f^     -    J°  tan  °  */(°) 


da 
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Results  for  Direct  Scattering 
Two  dimensions,  line  source 

Rotational  symmetry,  plane  wave 

(5(9)   -  rliHT  ^^®/^^  ^^®/2^  """^  ®/2 

Rotational  symmetry,  point  source 

^g)      =   sina   ^^(^  ^^^^  f  .^P^")  ^  +  ^1"^   . 
2  sm  9   \^'   >■  '  |_bCa)cos  J?     J 

As  an  example  let  us  consider  the  two  dimensional  case  in  which  the 

field  comes  from  a  line  source.  Suppose  that  cr,   I  and  R  are  constants  and  that 

9  =  C.  Then  from  the  table  we  have 
o 

(lii)  +0-9  «  I  R  a 

|-2(l  ±  (iRMy^  ^ 


(1^      P  =  P,  [cos  (l  i  ^)  \\ 


Equation  (l5)  is  the  polar  equation  of  the  reflector.  If  the  positive  sign  is 
taken  and  if  IR  «  C  then  it  is  the  equation  of  a  plane  at  distance  p  from  the 
source. 

ii  the  three  dimensional  case  with  rotational  symmetry  and  a  plane  wave 
incident  along  the  axis,  let  us  seek  a  reflector  for  which  crand  R  are  constants. 
Prom  the  table  we  find  for  its  equation 
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(16)  ^    "^    ^    ^^^    ? 


(17)  z     =    z 


o 


+     2  y^    n.  -  COS  I  j 


This  is  the  equation  of  a  sphere  of  radiiis     2  yo^     centered  atr  =  0,   z  =  z±2  yo>4l. 
Thus  we  find  the  well-knovm  resiolt  that  the  sphere  is  an  isotropic  scatterer  -  in 
fact  the  only  one,  in  this  case. 


I;.     The  general  case 

Suppose  the  reflector  is  an  arbitrary    smooth  convex  closed  surface  in 
three  dimensional  space.     Let  (T  (G,(20  denote  its  differential  scattering  cross 
section  in  the  direction  0,  0  due  to  a  plane  wave  of  unit  intensity  incident  from 
the  left  along  the  x-axis.     Let  P(©,0)  be  the  point  on  the  reflector  frcm  which 
a  ray  is  reflected  in  the  ©,  ^  direction.       Then  the  normal  at  P(©,jO  must  point 
in  the  direction  ©/2,   0  and  the  angle   of  incidence  at  P  must  be  9/2.     These  facts 
follow  from  the  law  of  reflection.     Now  it  is  well  known  that  the  differential 
scattering  cross  section  in  the  direction  of  any  reflected  ray  is  equal  to  R/hG 
where  G  is  the  Gaussian  curvature  at  the  point  of  reflection.     Therefoire  we  have 

R(l) 
(18)  <r(©,i20    =    —^ 


iKJ(f ,  JZf) 

Let  us  make  use  of  (l8)    to  analyze  the  inverse  problem.     We  see  that  when  C 
and  R  are  known  for  all  values  of  their  arguments,  the  Gaussian  curvat\ire  G  is 
determined  over  the  hemisphere  0<9<'T'ofthe  unit  sphere.     This  unit  sphere, 
each  point  of  which  corresponds  to  the  direction  of  the  normal  at  one  point  on 
the  reflector  surface,  is  called  the  spherical  image  of  that  siirface.     The  pro- 
blem of  determining  a  surface  when  its  Gaussian  curvature  is  given  on  the  entire 
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surface  of  the  spherical  image  is  known  as  Minkowski's  problem.  *-  J     It  has  one 
and  only  one  solution  for  any  sufficiently  smooth  positive  function  G(©,0)  which 
satisfies  the  condition 


(19) 


j     G"-'-(©,0)   n  (&,(^    dfl     =     0       . 


Here  nCOjiZO  is  the  unit  normal  at  the  point  6,  ^;   d/1  is  the  element  of  area  of 
the  unit  sphere  and  the  integration  extends  over  the  whole  sphere.  Thus  for  any 
arbitrary  (subject  to  (19) )  smooth  continuation  over  the  rest  of  the  sphere  of 
the  function  G  given  on  half  the  sphere  by  (18),  there  is  exactly  one  reflector. 
The  reflector  shape  is  determined  by  the  solution  of  an  elliptic  partial  differen- 
tial equation  involving  G.  Therefore  we  may  conclude  that  the  shape  of  all  parts 
of  the  reflector  are  effected  by  the  arbitrary  continuation  of  G,  Consequently 
the  data  provided  by  (16)  do  not  suffice  to  determine  the  shape  of  the  reflector 
nor  any  part  of  it.  The  inverse  problem  has  too  large  a  family  of  solutions. 

Suppose,  however,  that  two  functions  cr{Qjf}   and  C"(6,^  are  given, 
corresponding  to  two  different  incident  waves  coming  from  opposite  directions. 
If  R  is  also  known,  then  (18)  determines  G  over  the  whole  sphere.  If  this  G 
satisfies  (19)  -  as  it  must  if  it  actually  corresponds  to  a  surface  -  then  the 
inverse  problem  has  a  unique  solution.  The  calculation  of  this  solution,  in 
the  general  case,  requires  the  solution  cf  an  elliptic  partial  differential  equa- 
tion.  In  the  cases  treated  in  the  previous  sections  tins   equation  could  be  re- 
duced to  an  ordinary  differential  equation.  This  explains  why  explicit  solutions 
could  be  obtained  in  those  cases. 
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(2)Commander 

Rome  Air  Development  Center 
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Commander 

Rone  Air  Development  Center 
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Orlffiss  Air  Force  Base,  New  York 
ATTMi  Dr.   John  Burgess,   RCER 
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Evans  Signal  Laboratory 

BelB&r,  New  Jersey 

ATTNi  Technical  Document  Center 
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Signal  Corps  Liaison  Officer 
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Commanding  General 
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Fort  Monmouth,  New  Jersey 
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Departjient  of  the  Array 
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Washington  25,  D.C. 
ATTNi  SIGGD 

Department  of  the  Army 

Office  of  Chief  Signal  Officer 

Engineering  and  Technical  Division 

Washington  25,  D.C. 

ATTNi  SIGNET-5 

Diamond  Ordnance  Fuze  Laboratories 

Washington  25,  D.C. 

ATTNi  Guided  Missile  Fuze  Library 

R.D.  Hathcher, 

Chief  Microwave  Dev.  Section 

(lO)Armed  Services  Tech.  Information  Agency 
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ATTNi  DSC-3A 

National  Bureau  of  Standards 
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National  Bureau  of  Standards 
Department  of  Commerce 
Washington  25,  D.C. 
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National  Bureau  of  Standards 

Department  of  Commerce 

Washington  25,  D.C. 
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Director 

National  Bureau  of  Standards 

Central  Radio  Propagation  Lab. 

Boulder,  Colorado 

ATTNt  Division  lU.O 


Commander 

Holloman  Air  Research  and  Develorment  Center 

Holloman  Air  Force  Base,  New  Mexico 

ATTNi  HDOI 

Director 

Ballistics  Research  Laboratory 
Aberdeen  Proving  Ground,  Maryland 
ATTNi  Ballistics  Measurement  Laboratory 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 
ATTNi  Technical  Information  Branch 
Victor  W.  Richard 

Director 

Evans  Signal  Laboratory 
Belmar,   New  Jersey 
ATTNi  Mr.  O.C.  Woodyard 

Director  Coraminlcatlons  and  Electronics 
Hq.,  D.S.  Air  Force 
Washington  25,  D.C. 
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Department  of  Commerce 
Washington  25,   D.C. 
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U.S.  Government  Printing  Office 
Washington  25,    D.C. 

Director,   National  Security  Agency 
Washington  25,  D.C. 
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Air  Research  and  Development  Commarei 
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Air  Research  and  Development  Command 
Laurence  G,   Hanscom  Field 
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ATTN;  GROOTR  -  J.  Armstrong 
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Air  Research  and  Development  Command 
Laurence  G.   Hanscom  Field 
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Chief,  Bureau  of  Aeronautics 
Department  of  the  Navy 
Washington  25,   D.C. 
ATTNi  Code  Aer-TD-lilL 

Chief,   Bureau  of  Ships 

Navy  Department 

Washington  25,   D.C. 

ATTNi  Mr.  E.  Johnston,  Code  "i^ 

Commander 

U.S.  Naval  Air  HlasUe  Test  Center 

Point  Mugu,   California 

ATTNi  Code  366,  MT-6 

U.S.  Np.val  Ordnance  Laboratory 

White  Oak,   Silver  Spring  19,  MaryUnd 

ATTNi  The  Library 

Commander 

U.S.  Naval  Ordnance  Test  Statlon{Code  753) 

China  Lake,   California 

ATTN:  Tech.  Library  Branch 

Librarian 

U.S.  \'aval  Postgraduate  School 

Monterey,  California 

Director 

U.S.  Naval  Research  laboratory 

Washington  25,  D.C. 

ATTNi  Code  2021 

Director 

U.S.  Naval  Research  Laboratory 

Washington  25,  D.C. 

ATTNi  Code  1110 

Director 

U.S.  Naval  Research  Laboratory 

Washington  25,  D.C. 

ATTN:  J.  Bohnort,  Code  5250 

Commander 

U.S.  Navy  Underwater  Sound  Laboratory 
Fort  Tnanbull,   New  Lonlon  Conn. 
ATTNi  Mr.  CM.  Dunn 

Chief  of  Naval  Research 

Navy  Department,   Washington  25,   D.C. 

ATTN:  Code  Ij27 

(2)Coramandlng  Officer  and  Director 
U.S.  Navy  Electronlca  Lab.  Library 
San  Diego  52,   California 

Chief,  Bureau  of  Ordnance 
Navy  Department,  Washington  25,   D.C. 
ATTNt  Technical  Library,   Code  Ad3 
Mr.  H.  B.  Rex,   Code  ReSli 

Chief,  Bureau  of  Ordnance 

Navy  Department,  Washington  25,   D.C. 

ATTN:  Kr.  C.H.  Jackson,  Code  Re9a 

Chief,  Exireau  of  Ordnance 

Navy  Department,  Washington  25,   D.C. 

ATTNi  L.E.  Walllngford,   Code  ReliF 

Chief,  Bureau  of  Aeronautics 

Department  of  t  he  Navy,  Washington  25,  D.C. 

ATTNi  Code  Aer-EL-931 

(2 )Commander 

U.S.   Naval  Air  Development  Center 
Johnsvlllft,   Pennsylvania 

Commander 

U.S.  Naval  Air  Test  Center 
Patuxent  River,   Maryland 
ATTNi  ET-315,  Antenna  Section 

Naval  Ordnance  Laboratory 
Corona,  California 
ATTN:  Library 

U.S.  Naval  Ordnance  Laboratory 

Dept.   of  the  Navy 

Corona,  California 

ATTNt  Dr.  Robert  L.  Conger 
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Airborne  Inatrumenta  Laboratory,   Inc» 

Ito  Old  Country  Road 

Mineola,   New  York 

Attni     Dr.  E.Q.   Fubini,   Director 

Research  and  Engineering  Division 

Alrcom,   Inc. 
35U  Main  Street 
Winthrop,  Mass. 

American  Machine  and  Foundry  Company 

Electronics  DlTision 

1085  CoTOBonwealth  Avenue 

Boston  15,  Mass. 

Attni  Mrs.  Rita  Moravcslk,  Librarian 

Andrew  Alford  Consulting  Engineers 
299  Atlantic  Avenue 
Boston  10,  Mass. 

Avion  Division 
ACF  Industries,  Inc. 
900  North  Pitt  Street 
Alexandria,  Virginia 
Attni  Technical  Library 

Battelle  Memorial  Institute 

505  lang  Avenue 

Columbus  1,  Ohio 

Attni  Dr.  Bernard  H.  List 

Bell  Aircraft  Corporation 
P.O.  Box  One,  Buffalo  5,  N.Y. 
Attni  Mrs.  J.  Mulcahey,  Tech.  Lib. 

Boll  Telephone  Laboratories,  Inc. 
^Tiippany  Laboratory,  Whippany,  N.J. 
Attni  Technical  Information  Lib. 

Bendix  Aviation  Corporation 
Pacific  Division,  11600  Sherman  Way 
North  Hollywood,  Calif. 
Attni  J.R.  Breninger,  Engr.  Librarian 

Bendix  Radio,  Div.  of  Bendix  Aviation  Corp. 
East  Joppa  Road,  Towson  U,  Maryland 
Attn!  Dr.  D.K.  Allison,  Jr. 

Dlr.  Engineering  and  Research 

BJorkaten  Research  Laboratories,  Inc. 

P.O.  Box  265 

Madison  1,  Wisconsin 

Attni  F.B.    Korsgard,  Treasurer 

Boeing  Airplane  Company 

Pilotless  Aircraft  Division 

Seattle  2U,  Washington 

Attnt  R.R.  Barber,  Library  Supervisor 

Boeing  Airplane  Company 

Wichita  Division  Engineering  Library 

Wichita  1,    Kansas 

Attni   Kenneth  C.   I&ilght,   Librarian 

Boeing  Airplane  Company 

Seattle  Division 

Seattle  Uj,  Washington 

Attni  E.T.  Allen,  Library  Supervisor 

Convalr,   A  Division  of  General  Dynamics  Corp. 

Fort  Worth,  Texas 

Attni   K*0.  Brown,   Dlvlaion  Research  Ii.b. 

Convalr,   A  Dlv.  of  General  Dynamics  Corp. 

San  Diego  12,   California 

Attni  Mrs.   Dorc  B.  Burke,   Engr.  Ub. 

Cornell  Aero.   Laboratory,   Inc. 

Ui55  Genesee  Street 

Buffalo  21,   New  fork 

Attni  Elma  T.   Evans,   Librarian 

Dalrao  Victor  Company 

A  Division  of  Textron,   Inc. 

1515  Industrial  Way 

Belmont,   California 

Attni  Mary  Ellen  Addems,   Tech.  Lib. 

Dome  and  Margolin,   Inc. 
30  Sylvester  Street 
Westbory,   Long  Island,    N.Y. 


Douglas  Aircraft  Company,  Inc. 
P.O.  Box  200 

Long  Beach  1,  California 
Attn:   Engineering  Ub.    (C-250) 

Douglas  Aircraft  Company,    Inc. 
827  Lapham  Street 
El  Segundo,   California 
Attni  Engineering  Library 

Douglas  Aircraft  Company,   Inc. 

3000  Ocean  Park  Boulevard 

Santa  Monica,   California 

Attni  Eq.  Sec.  Ref.  Files,   Eq.  Eng.  A250 

Douglas  Aircraft  Corporation 
2000  North  Memorial  Drive 
Tulsa,  Oklahoma 
Attni  Engineering  Library,  IV250 

Electronic  Communication,   Inc. 

St.  Paul  Street  at  University  Parkway 

The  Marylands-  Apartments 

Baltimore  18,  Maryland 

Attn:  Dr.  D.D.  King,   Vice-Prealdent 

Electronic  Defense  Laboratory 
P.O.  Sox  205 

Mountain  View,   CiUfornla 
Attni  Library 

Electronics  Research,   Inc. 

2300  N.New  York  Avenue 

Evansville,   Indiana 

Attni  B.H.  Baldridge,  Engr.  Supervisor 

Emerson  and  Cuming,  Inc. 
865  Washington  Street 
Canton,  Mass. 
Attni  W.R.  Cuming 

The  Qnerson  Electric  Mfg.   Company 

8100  Florissant  Avenue 

St.  Louis  21,  Missouri 

Attni  Mr.   E.  Breslin,  Librarian 


Falrchild  Aircraft 
Division  Falrchild  Eng. 
Hagerstown,  Maryland 
Attni  Library 


and  Airplane  Corp. 


Farnsworth  Electronics  Company 
Fort  ■■•ayne  1,   Indiana 
Attn:     Technical  Library 

Federal  Telecommunication  Laboratories 
500  Washington  Avenue 
Nutiey  10,   New  Jersey 
Attni  Technical  Library 

Gabriel  Electronics 
Division  of  Gabriel  Company 
135  Crescent  Road 
Needham  Heights  9U,  Mass. 
Attn:  Mr.   Steven  Galagan 

Osneral  Electric  Company 
Ithaca,    New  York 
Attni     J. 3.  Travis, 

Advanced  Electronics  Center 

General  Electric  Company 
Electronics  Park 
Syracuse,  New  York 

Attnt  Bessie  Fletcher,   Documents  Library 
Bldg.  3-lli3A 

General  Precision  Laboratory,   Inc. 

63  Bedford  Road 

Pleasant vl He,  New  York 

Attni  Mrs.  Mary  G.   Herbst,   Librarian 

Goodyear  Aircraft  Corp. 
1210  Mass!  Hon  Road 
Akron  15,   Ohio 
Attni  Library  DA20  Plant  A 

Granger  Associates 

Electronic  Systems 

966  Coranerclal  Street 

Palo  Alto,  California 

Attn:   John  V.N.  Granger,   Prps. 


Grunaan  Aircraft  Engineering  Corp. 
Bethpage,   Long  Island,   N.Y. 
Attni     Mrs.  A.M.  Gra;/,   Librarian 

Engineering  Library,   Plant  No.  5 

The  Halllcrafters  Co. 
IjliCl  West   5th  Avenue 
Chicago  2ii,  Illinois 
ATTN  I  L.  La  Glola,  Librarian 

Hoffman  Laboratories,    Inc. 
37UO  South  Grand  Avenue 
Los  Angeles  7,   California 
Attni  Engineering  Library 

Hughes  Aircraft  Co. ,   Antenna  Dept. 
Microwave  Laboratory,   Bldg.   12,   Rk  2617 
Culver  City,  California 
Attni  M.D.  Adcock 

Hughes  Aircraft  Co. 
Florence  and  Teale  Streets 
Culver  City,   California 
Attni  Dr.  L.O.   Van  Atta,   Assoc.  Dlr. 
Research  Laboratories 

Hycon  Eastern,   Inc. 

75  Cambridge  Parkway 

Cambridge,   Mass. 

Attni  Mre.    Lois  Seulowitz,   Tech.  lib. 

International  Business  Machines  Corp. 

Ililitary  Products  Division 

590  Madison  Avenue 

New  York  22,  New  York 

Attn:  Mr.  C.F.  McElwain,  General  Manager 

International  Business  Machines  Co. 
Military  Products  Dlv. 
Oswego,   New  York 
Atnni  Mr.  D.I.  Marr,   Librarian 
Dept.  1j59 

International  Resistance  Corapany 
IjOl  N.  Broad  Street 
Philadelphia  8,   Pa. 
Attn:  Research  Library 

Janaky  and  Bailey,   Inc. 
1339  Vftaconain  Avenue,  N.W. 
Washington  7,   D.C. 
Attn:  Mr.  Delmer  C.  Ports 

-Tr.   Henry  Jaslk,  Consulting  Bigr. 
298  Shames  Drive, 
Brush  Hollow  Industrial  Park 
Westbury,   New  York 

Martin  Katxln  and  Company,   Consultants 
711  LUth  Street,  N.W. 
Washington  5,   D.C. 

Lockheed  Aircraft  Corp. 

Missile  Systems  Division 

7701  Woodley  Avenue 

Van  Nuys,    California 

Attnt   Van  Nuys  Ub.  Bldg.  902 

Lockheed  Aircraft  Corp. 
California  Division  Engr.  Ub. 
Dept.   72-25,   Plant  A-1,   Bldg.   63-1 
Burbank,    California 
Attn:  N.C.  Karnois 

The  Glenn  L.  Martin  Company 
Denver  Division 
Waterton,  Colorado 
Attn:  WilUara  V.  Foley, 

Test  and  Reliability 

Hall  No.  2-38 

The  Glenn  L.  Martin  Company 

Baltimore  3,  Maryland 

Attni  Engr.  Ub.,  Antenna  Design  Group 

Maryland  Electronic  Mfg.  Corp. 
5009  Calvert  Road 
College  Park,  Maryland 
Attni  Mr.  H.  "arren  Cooper 

Mathematical  Reviews 
190  Hope  Street 
Providence  6,  Rhod»  Island 
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The  W.L.  Maxson  Corporation 

U60  West  tkth   Street 

Hew  York,  N.Y. 

Attn:  Hlas  Dorothy  Clark 

HoDonn»ll  Aircraft  Corp. 
Lambert  Salnt-Loula  Municipal  Airport 
Box  516,  St.  Loula  3,  Misaouri 
Attni  R.a.  Detrleh,   Engr.  Ubrary 

M<»1111an  Laboratory,  InC 

Bro»nTlU«  Aranoa 

Ipawich,  Ma»»«chus9tt» 

Attni  Security  Officer,  DceuBont  Rn. 

Melpar,  InC 

3000  Arlington  Blirt. 

Falls  Churob,   Va. 

Attni  Engineering  Tech.  Lib. 

Microwave  Developnant  Laboratory 

90  Broad  Street 

Babson  Park  57,  Mass. 

Attni  N.  Tucker,  Qeneral  Manager 

Microwave  Radiation  Ccmpany 
1?223  South  Hamilton  St. 
Gardena,   California 
Attni  Mr.  Morris  J.  Ehrlich,  Pres. 

Naval  Industrial  "Reserve  Aircraft  Plant 

P.O.  Box  5907 

Dallas,  Texas 

Attn:  Mr.  H.S.  White,   Ubrarian 

Northrop  Aircraft,   Inc. 

Hawthorne,  California 

Attnt  Mr.  E.A.  Freitas,  Ub.  Dept.  31ij5 

North  American  Aviation,   Inc. 
12211t  Lakewood  Blvd. 
Downey,   California 
Attnt  Engr.  Ub.  1*95-115 

North  American  Aviation,  Inc. 
Los   Angeles  International  Airport 
Los     Angelas  U5,   California 
Attni   Engineering  Techidoal  File 

Page  Comnunications  Engineers,  Inc. 
710  Fourteenth  Street,  Northwest 
Washington  5,   D.C. 
Attni  Librarian 

Philoo  Corporation  Res.  Division 

Branch  Library 

1j700  Wissachickon  Avenue 

Philadelphia  UU,   Pa. 

Attnt  Mrs.  Dorothy  S.  Collins 

Pickard  and  Burns,   Inc. 
2U0  Highland  Avenue 
Needham  9U,  Mass. 
Attni  Dr.   J.T.  deBettencourt 

Polytechnic  Research  and  Dev.  Co.,  Inc. 
202  Tillary  Street 
Brooklyn  1,  New  York 
Attni  Technical  Library 

Radiation  Engineering  Laboratory 
Main  Street 
Maynard,  Mass. 
Attni  Dr.  John  Ruie 

Radiation,   Inc. 
P.O.  Drawer  37 
Melbourne,   Florida 
Attnt  Tech.  Library,  Mr.  M.L.  Cox, 
Assistant  Project  Engineer 

Radio  Corp.  of  America 

RCA  Laboratories 

Rocky  Point,  New  York 

Attni  P.S.  Carter,  Lab.  Ubrary 

RCA  Laboratories 

David  Sarnoff  Research  Center 

Princeton,  New  Jersey 

Attni  Miss  Fern  Cloak,  Ub.,  Res. 

RCA  Defense  Electronic  Products 
Canden  2,  New  Jersey 
Attni  Clarence  A.  Gunther,   Chief  Dar. 
DEP  -  Bldg.  15,  noor  7 


(2jni9  Rano-Wooldridge  Corporation 
5730  Arbor  Vitae  Street 
Loa  Angeles  U5,   California 
Attnt  Margaret  C.  Whitnah,   Chief  Ub. 

Hoover  microwaves 
9592  Baltimore  Avenue 
College  Park,  Maryland 

The  Rand  Corporation 

1700  Main  Street 

Santa  Monica,   California 

Attni  Library  -  viat  SBAMA  Uaison  Office 

Rantec  Corporation 

Calabaaas,  California 

Attni  Qrace  Keener,  Office  Manager 

Raytheon  Manufacturing  Company 
Miaslle  Systems  Division 
Bedford,  Mass. 
Attn:  Mr.  Irving  Goldstein 

Raytheon  Manufacturing  Company 
Wayland  Laboratory 
Wayland,  Haas. 

Attnt  J.E.  Walsh,  Dept.   897U, 
Antenna  Design  Radar 

Raytheon  Manufacturing  Company 

Wayland  Laboratory 

Wayland,  Mass. 

Attni  Miss  Alice  Q.  Anderson,   Ubrarian 

Republic  Aviation  Corporation 
FamingdalB,  Long  Island,  N.Y. 
Attn:  R.E.  Fidoten,   Engineering  Lib. 

Rheem  Manufacturing  Company 
Research  and  Development 
9236  East  Hall  Road 
Downey,   California 
Attni  J.C.  Joorgar 

Ryan  Aeronautical  Company 
Lindbergh  Field 
San  Diego  12,   California 
Attn:  Ubrary 


Sage  Laboratories, 
30  Ouinan  Street 
Waltham  51:,  Mass. 


Inc. 


Ubrary 


Sanders  Associates,  Inc. 
95  Canal  Street 
Nashua,  New  Hampshire 
Attni  N.R.  Wild,  Ubrary 

Sandia  Corporation,  Sandia  Base 

P.O.  Box  5800,  Albuquerque,  New  Mexico 

Attnt  Claasified  Document  Division 

Sperry  Gyroscope  Company 

Great  Neck,  L.I.,  New  York 

Attn:  Florence  W.  Tumbull,  Engr.  Lib. 

Stanforc  Research  Institute 

Document  Center 

Menlo  Park,  California 

Attn:  Mary  Lou  Fields— Requisitions 

Sylvanla  Electric  Products,  Inc. 
100  First  Avenue 

Waltham  5U,  Mass.  _.,.>, 

Attnt  Charles  A.  Thomhill,  Reports  Lib. 

Waltham  Laboratories  Library 

Systems  Laboratories  Corporation 
15016  Ventura  Boulevard 
Sherman  Oaks,  California 
Attn:  Dr.  W.C.  Hoffman 

Technical  Research  Group 

17  Union  Square  West 

New  York  3,  N.Y. 

Attni  M.L.  Henderson,  Librarian 

A.S.  Thomas,  Inc. 

161  Devonshire  Street 

Boston  10,   Mass. 

Attn:    A.S.   Thomas,    President 


Engr. 


Westlnghouse  nectrle  Corp. 
2519  Wllkens  Avenue 
Baltimore  3,  Maryland 
Attni  Kent  M.  Hack,  Oigr.  Ub. 

Wheeler  Laboratories,  Inc. 
122  Cutter  Mill  Road 
Great  Neck,  New  York 
Attn:  Mr.  Harold  A.  Wheeler 

Zenith  Plastics  Company 
Box  91,  Oardena,  California 
Attn:  Mr.  3.S.  Olaesky 

Library,  Oeophyslcal  Institute  of  the 
University  of  Alaska 
College,  Alaska 

University  of  California 

Berkeley  h,   California 

Attnt  S.  Silver,  Prof.  Engr.  Soienoa 

Division  of  Elec.  Engr. 

Electronics  Research  Lab. 

Electronics  Research  Laboratory 
University  of  California 
332  Cory  Hall,  Berkeley  U,  Calif. 
Attni  J.R.  Whinnery,  Prof. 

California  Institute  of  Technology 

Jet  Propulsion  Laboratory 
U900  Oak  Grove  Orlve 
Pasadena,  California 
Attn:  I.E.  Newlan 

California  Institute  of  Technology 
1201  E.  California  Street 
Pasadena,  California 
Attni  Dr.  Charles  H.  Papas 

Carnegie  Institute  of  Technology 
Schenley  Park 

Pittsburgh  13,  Pennsylvania 
Attni  Albert  E.  Helna 

Cornell  University 

School  of  Electrical  Engineering 

Itheoa,  New  York 

Attn:  Prof.  O.C.  Dalman 

University  of  Florida 
College  of  Engineering 
Gainesville,  Florida 
Attni  Prof.  M.H.  Latour, 

Engineering  Sciences  Lib. 

Georgia  Institute  of  Technology 
Engineering  Experiment  Station 
Atlanta,  Georgia 
Attn:  Mrs.  J.H.  Crosland 

Georgia  Tech.  Library 

Harvard  University 

Technical  Reports  Collection 

Gordon  McKay  Library,  303A  Pierce  Hall 

Oxford  Street,  Cambridge  38,  Mass. 

Attni  Mrs.  E.L.  Hufschmidt,  Ub. 

Harvard  College  Observatory 
60  Garden  Street 
Cambridge,  Mass. 
Attni  Dr.  Fred  L.  Whipple 

University  of  Illinois 
Serials  L«pt.  -  220S  Ubrary 
Urbana,  Illinois 

Electrical  Engineering  Res.  Lab. 
University  of  Illinois 
Urbana,  Illinois 
Attni  Antenna  Lab. 


The  Johns  Hopkins  University 
HomewDOd  Campus 
Department  of  Physics 
Baltimore  18,  Maryland 
Attn:  Professor  Donald  E.  Kerr 

The  Johns  Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,  Maryland 
Attni  Mr.  George  L.  Selelstad, 
Applied  Physics  Lab. 
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Kassachi'setts  Institute  of  Technology 
Researcji  Laboratory  of  Electronics 
Document  Room  20B-221 
Cambridge  39,  Mass, 

Massachusetts  Institute  of  Tech. 

Lincoln  Laboratory 

P.O.  £>ox  73 

Lexington  73,  Mass, 
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